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Abstract
Cyclins are key components in the progression of both mitotic and meiotic cell cycle control. Full-length cDNA clones
encoding cyclin A and cyclin B were isolated from a zebra mussel testis cDNA library. The clones contained open reading
frames of 419 and 434 amino acids, had similarity to cyclins A and B from other species, but also some unique features in
their sequences. Cyclin A and B mRNA was expressed in testis, ovary, gill, mantle, muscle, and eggs, as shown by specific
polymerase chain reaction. ß 1999 Elsevier Science B.V. All rights reserved.
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Cyclin A and cyclin B are regulatory subunits in
the progression of the mitotic cell cycle, and cyclin B
plays a role in meiosis as well. Cyclins form a matu-
ration/M phase promoting factor (MPF) [1], by as-
sociation with the catalytic subunit cdc2 (p34cdc2 or
cdk1). MPF triggers the transition from G2 to M
phase when the complex has been activated [2]. The
concentration of cdc2 remains invariant during the
cell cycle, while cyclin B concentration increases dur-
ing interphase and peaks at the G2/M transition [3].
Cyclin B levels are elevated in actively proliferating
tissues [4]. During M phase, cyclin B is degraded,
allowing the cell to exit M phase [5]. Activation of
MPF during reinitiation of meiosis involves dephos-
phorylation of cdc2 and phosphorylation of cyclin B
[6,7]. During the cell cycle, cyclin A associates with
cdc2 and also with cdk2, indicating a regulatory role
in both DNA replication and cell division [5,8]. Cy-
clin A is degraded during M phase immediately be-
fore cyclin B [9].
Degradation of cyclins by ubiquitin-dependent
proteolysis depends on an amino acid sequence
known as the ‘destruction box’, with a highly con-
served R and a consensus sequence of ^RXXLXX-
XXN^, followed by a lysine-rich region in the NH2
terminus of the protein [10,11]. The nucleotide motif
^attta^, found in DNA sequences for both cyclin A
and cyclin B of several species, indicates a suscepti-
bility to mRNA degradation [12,13]. A region of
high conservation, characterizing all cyclin sequences
(cyclin types A, B, C, and D), is known as the ‘cyclin
box’ [14^16].
Cyclin sequences were studied in the zebra mussel,
Dreissena polymorpha, a biological pest species that
was accidentally introduced into the Great Lakes in
the mid-1980s [17] and spread rapidly in high den-
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Fig. 1. Nucleotide and deduced amino acid sequence of a Dreissena polymorpha testis cDNA clone encoding cyclin A. The nucleotides
and amino acid residues are numbered from the 5P terminus of the clone and the putative initiation methionine, respectively. The de-
struction box sequence is surrounded by a box. Lysines (K) downstream from the destruction box are shown in large, bold letters.
The sequences used for cyclin A speci¢c PCR are identi¢ed by underlined bold lettering. The mRNA sequence ^attta^, an indicator
for mRNA susceptibility to degradation, is in underlined italic letters. The polyadenylation signal ^aataaa^ is in bold letters.
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sities into Mississippi and Hudson River watersheds
[18]. A second dreissenid mussel, the quagga mussel
(Dreissena bugensis), has also recently been found in
the Great Lakes region [19]. Zebra mussels have a
large reproductive capability [20], readily elicited
spawning behavior [21], and are a good model or-
ganism for the study of reproduction and early de-
velopment [22]. Yet there has been little molecular
work on this organism. As a ¢rst step to a molecular
approach to understanding cell cycle and maturation
mechanisms in the zebra mussel, sequences of two
cDNA clones encoding zebra mussel cyclin A and
cyclin B were determined.
Mussels were collected from Lake St. Claire,
Michigan. Zebra mussels were distinguished from
quagga mussels by anatomical criteria, and identi¢-
cation of the zebra mussels was con¢rmed by analyz-
ing a diagnostic restriction fragment length polymor-
phism (RFLP) in the mitochondrial cytochrome C
oxidase subunit I gene (COI) that di¡ers between
zebra and quagga mussels [23] (data not shown).
Cyclin sequences were determined in zebra mussels.
cDNA made from mRNA of mature zebra mussel
testes was directionally cloned into a Uni-ZAP XR
vector (Stratagene). The library contained approxi-
mately 7U106 independent clones and was ampli¢ed
according to standard procedures [24]. Probes for
cyclin A and cyclin B clones were made by PCR
ampli¢cation using degenerate primers based on
highly conserved regions of cyclin A and cyclin B,
respectively, and subsequent 32P-labeling (Random
Prime BRL) of the polymerase chain reaction
(PCR) products. The PCR was done with the follow-
ing sets of degenerate primers: cyclin A, 5P-
gccgaattcgtngaytggytngtngarg-3P and 5P-cccggatccttr-
tayttytcnyknac-3P ; cyclin B, 5P-gccgaattcrnytnytncar-
garac-3P and cccggatcctctccatnarrwayttngc-3P (n = a,
c, g, or t; y = c or t; r = a or g; k = g or t; w = a or
t). After con¢rming the sequence similarity of the
probes to their respective cyclin sequences from other
organisms, about 500 000 recombinants of the testis
cDNA library were screened with the probes. DNA
sequences of positive clones was performed on both
strands with the dideoxy chain termination method
[25], using overlapping subclones.
Screening with the cyclin A PCR product resulted
in the isolation of ¢ve hybridization-positive phage
plaques. Restriction mapping revealed these to be all
the same clone. One clone was selected for sequence
analysis. The 2426 bp containing clone had an open
reading frame encoding 419 amino acids starting at
the ATG on position 53 and ending with TAA on
position 1310 (Fig. 1). The 3P-nontranslated region
consisted of 1112 bp ending in a poly(A) tail that was
preceded by a polyadenylation signal 16 bases up-
stream. The predicted protein showed 85.3% similar-
ity with the Spisula (surf clam) cyclin A homologue
and 76.5% similarity with the human homologue.
This led us to conclude that we have cloned zebra
mussel cyclin A. The clone showed highest similarity
with previously reported homologues in the cyclin
box, amino acids 192^340 in the zebra mussel clone.
The sequence includes the highly conserved sequence
^AXKYEEXXXP^ at residues 246^255, suggested to
be a possible protein interaction or tyrosine phos-
phorylation site [26]. The sequence has a character-
istic destruction box with the sequence ^RAV-
LGVITN^ at residues 32^40 followed by a lysine-
rich region (residues 50^100 contain seven lysines),
indicating the typical ‘cycling’ character of the pro-
tein. In addition, the nucleotide motif ^attta^, asso-
ciated with susceptibility of mRNA degradation [13],
appears four times in the 3P nontranslated region of
the sequence.
Screening the testis library with the cyclin B probe
resulted in the isolation of eight positives, all con-
taining the same clone as indicated by restriction
mapping. The clone selected for further sequence
analysis consisted of 2645 bases with an open reading
frame starting at the ATG at position 82 and ending
at the TAA at position 1383 (Fig. 2), coding for 434
amino acids. A Genestream analysis revealed that the
predicted protein showed 86.8% similarity with the
Spisula cyclin B homologue, its closest match, and
69.1% with the human cyclin B homologue. We
therefore concluded that this clone consists of the
zebra mussel cyclin B cDNA. The similarity was
highest in the cyclin box (residues 202^349). As in
cyclin A, a possible tyrosine phosphorylation site is
present at residues 256^265. The sequence 308^311
(^RRNS^) ¢ts the consensus cyclic AMP-dependent
phosphorylation sequence (^RRXS^) that is known
to be phosphorylated in cyclin B [7,27]. The CKII
phosphorylation motif (^SXXE^) appears three
times, at residues 191, 257, and 371. The 3P-nontrans-
lated region consisted of 1260 bp ending in a poly(A)
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tail that was preceded by a polyadenylation signal
located 12 bases upstream.
Zebra mussel cyclin B mRNA has three of the
usual ^attta^ degradation motifs in its 3P-nontrans-
lated region, but its gene product may be particularly
susceptible to degradation because it is unique
among cyclins thus far described in having two pu-
tative destruction boxes. In a homologous position
to most other cyclins [10,11], there is a destruction
box at residues 45^53 (^RNTLSDIGN^) in cyclin B,
followed by a lysine-rich region. There are 12 lysines
between residues 65 and 105, one of the highest
present in any cyclin (the median for this region in
cyclins is six [11]). In addition, zebra mussel cyclin B
shows a second possible destruction box at residues
13^21 (^RMALQQINS^) that is not observed in cy-
clins of any other species. The presence of two func-
tional destruction boxes in a single protein has pre-
viously been reported in the Cut2 protein of ¢ssion
yeast [28]. This second putative destruction box in
zebra mussel cyclin B has one less amino acid before
the ^N^ than the ‘consensus sequence’; however, sig-
ni¢cant variability in this requirement has been seen
in other destruction boxes. For example, Xenopus
cyclin A1 has an extra amino acid in its
^RTVLGVIGDN^ destruction box [29]; the Droso-
phila melanogaster cyclin A destruction box
(^RSILGVIQS^ [30]) and the two destruction boxes
in ¢ssion yeast Cut2 [28] lack the ^N^ altogether.
The serine at residue 21 (position 9 of the putative
destruction box) of zebra mussel cyclin B is homol-
ogous to the D. melanogaster cyclin A destruction
box sequence. With its large number of lysines and
two putative destruction boxes, the zebra mussel cy-
clin B seems well structured for degradation during
the cell cycle.
In order to verify that cyclin A and B gene prod-
ucts were expressed in zebra mussel tissues, PCR
primers unique to the zebra mussel cyclin mRNA
sequences were designed to perform reverse tran-
scriptase (RT)^PCR on di¡erent zebra mussel tis-
sues. cDNA was generated from 100 ng RNA from
mature ovaries, mature testes, gill, mantle, muscle,
and eggs using a Superscript RT kit (Gibco BRL).
The speci¢c primers were: cyclin A, 5P-tgtagagtctcc-
tatggtg-3P and 5P-cgagattaagtactattta-3P ; and cyclin
B, 5P-ctagggatcgctcaatgta-3P and 5P-gtctcagctaat-
gaagtca-3P (location of primer sequences indicated
in Figs. 1 and 2, respectively). The PCR produced
bands of the predicted size, 1.6 kbp for cyclin A and
379 bp for cyclin B in testis, ovary, muscle, mantle,
and eggs, indicating the presence of the respective
mRNA in all tested tissues (Fig. 3).
The cyclins described here are thus expressed in
multiple tissues of the zebra mussel, and their further
study, particularly in ovaries, testes, and eggs, may
be useful in understanding mechanisms of meiosis.
This study was supported by funding from Project
IBN9631008 of the NSF and a grant from Michigan
Sea Grant.
References
[1] A.W. Murray, M.J. Soloman, M.W. Kirschner, Nature 339
(1989) 280^286.
[2] A.W. Murray, M.W. Kirschner, Nature 339 (1989) 275^280.
[3] J. Gromoll, J. Wessels, G. Rosiepen, M.H. Brinkworth, G.F.
Weinbauer, Biol. Reprod. 57 (1997) 1312^1319.
Fig. 3. RT^PCR on mRNA extracted from ovary (o), testis (t),
gill (g), mantle (ma), muscle (m), and eggs (e). (A) Using specif-
ic primers for cyclin A shown in Fig. 1. (B) Using speci¢c
primers for cyclin B shown in Fig. 2. Arrows indicate DNA
length markers.
Fig. 2. Nucleotide and deduced amino acid sequence of a D.
polymorpha testis cDNA clone encoding cyclin B. Numbering
of nucleotides and amino acid residues and typefaces used to
identify destruction boxes, neighboring lysines, cyclin-speci¢c
primers, ^attta^ sequences, and the polyadenylation signal are
as in Fig. 1. In addition, a cAMP-dependent phosphorylation
motif is shown with curly brackets, { }, and possible casein ki-
nase II motifs are shown with parentheses, ( ).
6
BBAMCR 10398 6-1-99
A.E. Lamers et al. / Biochimica et Biophysica Acta 1448 (1999) 519^524 523
[4] I. Scheurlen, S.A.H. Ho¡meister, H.C. Schaller, J. Cell Sci.
109 (1996) 1063^1069.
[5] C.J. Sherr, Cell 73 (1993) 1059^1065.
[6] L.A. Paterson, M. Meijer, M.G. Bentley, Eighth Internation-
al Congress on Invertebrate Reproduction and Develop-
ment, Abstracts, 1998, p. 113.
[7] J.M. Westendorf, K.I. Swenson, J.V. Ruderman, J. Cell Biol.
108 (1989) 1431^1444.
[8] M. Pagano, R. Pepperkok, F. Verde, W. Ansorge, G. Draet-
ta, EMBO J. 11 (1992) 961^971.
[9] J. Minshull, R. Golsteyn, C.S. Hill, T. Hunt, EMBO J. 9
(1990) 2865^2875.
[10] P. Gallant, E.A. Nigg, J. Cell Biol. 117 (1992) 213^224.
[11] M. Glotzer, A.W. Murray, M.W. Kirschner, Nature 349
(1991) 132^138.
[12] A.E. Van Loon, P. Colas, H.J. Goedemans, I. Neant, P.
Dalbon, P. Guerrier, EMBO J. 10 (1991) 3343^3349.
[13] G. Shaw, R. Kamen, Cell 46 (1986) 659^667.
[14] J. Pines, T. Hunter, Cell 58 (1989) 833^846.
[15] H. Li, J.M. Lahti, V.J. Kidd, Oncogene 13 (1996) 705^712.
[16] G. Draetta, Trends Biochem. Sci. 15 (1990) 378^383.
[17] P.D.N. Hebert, B.W. Muncaster, G.L. Mackie, Can. J. Fish.
Aquat. Sci. 46 (1989) 1587^1591.
[18] J.L. Ram, R. McMahon, Am. Zool. 36 (1996) 239^243.
[19] J.E. Marsden, A.P. Spidle, B. May, Am. Zool. 36 (1996)
259^270.
[20] J. Borcherding, Oecologia 87 (1991) 208^218.
[21] J.L. Ram, P.P. Fong, K. Kyozuka, Inverteb. Reprod. Dev.
30 (1996) 29^37.
[22] J.L. Ram, P.P. Fong, D.W. Garton, Am. Zool. 36 (1996)
326^338.
[23] B.S. Baldwin, M. Balck, O. Sanjur, R. Gustafson, R.A.
Lutz, R.C.A. Vrijenhoek, Mol. Mar. Biol. Biotechnol. 5
(1996) 9^14.
[24] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning:
A Laboratory Manual, 2nd ed., Cold Spring Harbor Labo-
ratory Press, Cold Spring Harbor, NY, 1989.
[25] F. Sanger, S. Nicklen, A.R. Coulson, Proc. Natl. Acad. Sci.
U.S.A. 74 (1977) 5463^5467.
[26] J.H.A. Nugent, C.E. Alfa, T. Young, J.S. Hyams, J. Cell Sci.
99 (1991) 669^674.
[27] J. Minshull, J.J. Blow, T. Hunt, Cell 56 (1989) 947^956.
[28] H. Funabiki, H. Yamano, K. Nagao, H. Tanaka, H. Yasu-
da, T. Hunt, M. Yanagida, EMBO J. 16 (1997) 5977^5987.
[29] R.W. King, M. Glotzer, M.W. Kirschner, Mol. Biol. Cell 7
(1996) 1343^1357.
[30] M. Takahisa, S. Togashi, R. Ueda, M. Mikuni, S. Tsuru-
mura, K. Kondo, T. Miyake, Gene 121 (1992) 343^346.
BBAMCR 10398 6-1-99
A.E. Lamers et al. / Biochimica et Biophysica Acta 1448 (1999) 519^524524
